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Background: Macrophages and Natural Killer (NK) cells are an integral part of the innate

immune system. These cells produce pro-inflammatory cytokines in response to bacterial

infections. However, prolonged inflammation can be a contributing factor in the etiology of

several diseases such as rheumatoid arthritis, inflammatory bowel disease, multiple sclerosis,

psoriasis and eczema. Reducing the secretion of pro-inflammatory cytokines is an effective

treatment strategy for these conditions. Gold nanoparticles (AuNPs) have been shown to

have immunosuppressive effects. Extracts of the Hypoxis hemerocallidea plant have also

been shown to have immunomodulatory effects. It has been demonstrated previously that

extracts of the H. hemerocallidea can be used to synthesize AuNPs.

Purpose: This study aimed to investigate whether AuNPs synthesized using H. hemerocal-

lidea extract and its major secondary metabolite, hypoxoside, have any immunomodulatory

effects in macrophages and NK cells.

Methodology: AuNPs derived from the H. hemerocallidea extract were synthesized as

previously described. Using similar methodologies, this study shows for the first time the

synthesis of AuNPs from hypoxoside. The AuNPs were characterized using several optical

and spectroscopic techniques. The immunomodulatory effects of the aqueous extract of H.

hemerocallidea, hypoxoside, as well as the AuNPs produced from the extract and hypoxo-

side, were investigated by measuring the cytokine levels in macrophages (IL-1β, IL-6 and

TNF-α) and NK cells (IFN-γ) using solid phase sandwich ELISA technique.

Results: The results show that spherical AuNPs (average size 26 ± 2 nm) were synthesized

from hypoxoside. The results also show that the four treatments (H. hemerocallidea extract,

hypoxoside and their respective AuNPs can lower the pro-inflammatory cytokine levels in

the macrophages cells, while only AuNPs produced from hypoxoside can reduce cytokine

responses in NK cells.

Conclusion: This study shows that all four treatments investigated here could be further

explored for the development of anti-inflammatory therapies.

Keywords: green nanotechnology, gold nanoparticles, Hypoxis hemerocallidea, hypoxoside,

anti-inflammatory, innate immune cells, cytokines, ELISA

Introduction
The function of the immune system is to provide protection against the invasion of

foreign substances such as pathogens.1 In humans, the immune system also prevents

the proliferation of tissues that can potentially be harmful, such as tumors and

Correspondence: Mervin Meyer
Department of Biotechnology, University
of the Western Cape, Private Bag X17,
Bellville 7535, South Africa
Tel +27 21 959 2032
Fax +27 21 959 3505
Email memeyer@uwc.ac.za

International Journal of Nanomedicine Dovepress
open access to scientific and medical research

Open Access Full Text Article

submit your manuscript | www.dovepress.com International Journal of Nanomedicine 2019:14 9007–9018 9007

http://doi.org/10.2147/IJN.S216972

DovePress © 2019 Elbagory et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

http://orcid.org/0000-0002-9558-7996
http://orcid.org/0000-0002-8296-4860
http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php


damaged tissues.2 The immune system can be separated

into the innate and adaptive immune system. Macrophages

and natural killer (NK) cells are part of the innate immune

system, which is considered as the first line of defense. The

function of macrophage and NK cells, which is mainly to

phagocytose pathogens, is orchestrated by cytokines or

interleukins (ILs).3 The modulation of the immune system,

by altering the secretion of ILs, is considered an integral

part of new immunotherapies for the treatment of cancer, as

well as bacterial and viral infections.4–9

Immune responses are carefully controlled by the col-

lective action of molecular pathways that either suppress

or activate immune activation. A disturbance in this bal-

ance can result in increased susceptibility to infections,

chronic inflammation or autoimmune diseases depending

on whether the immune system is overly active or

suppressed.10 Immunomodulatory drugs that can stimulate

or suppress immune responses can be used for the treat-

ment of such immune disorders. For instance, drugs that

suppress the immune system can be useful in the treatment

of inflammatory disorders, such as rheumatoid arthritis,

inflammatory bowel disease, multiple sclerosis, psoriasis

and eczema.11

Bacterial infections stimulate the macrophages and NK

cells to secrete pro-inflammatory cytokines, e.g. IL-1β,
TNF-α and IFN-γ, to aid in the infiltration of the immune

cells into the infected tissue.12 In some cases however,

persistent inflammation (chronic inflammation) can lead

to undesired complications.13 In chronic inflammation,

continual recruitment of innate and adaptive immune

cells leads to the production of high levels of pro-inflam-

matory modulators.14 Patients with chronic inflammation

can be susceptible to several diseases such as diabetes,

cancer, inflammatory bowel syndrome and rheumatoid

arthritis.15 Anti-inflammatory agents, therefore, can prove

useful in the management of bacterial infections.16 Several

nanomaterials are emerging as promising agents for appli-

cation immune modulation.17 Gene expression analysis

showed that the expression levels of several cytokines

including IL-1β, IL-6 and TNF-α were affected in rats

after the animals were injected with Gold nanoparticles

(AuNPs).18 Citrate-AuNPs, on the other hand, exhibited

anti-inflammatory responses by downregulating the cellu-

lar response induced by IL-1β both in vivo and in vitro.19

Nanoparticles can be formulated using several physical

and chemical techniques.20 However, the green synthesis of

nanoparticles using plants is gaining interest to avoid using

toxic materials.21 The synthesis of biogenic gold nanoparticles

(Hypoxis-AuNPs) from Hypoxis hemerocallidea extracts was

previously described.22 These AuNPs were found to inhibit

the growth of several bacterial strains known to cause chronic

wound infections. It is likely that nanoparticles synthesized

from the plant extract could have similar bioactivities to the

extract. This depends on whether phytochemicals responsible

for the bioactivities of the plant extract are also involved in the

synthesis of the nanoparticles. Plant-derived nanoparticles can

enhance the bioavailability and biological activity of the phy-

tochemicals responsible for the bioactivity.23–25

H. hemerocallidea, commonly known as African

Potato, is a wild tuberous plant that is native to the south-

ern parts of Africa.26 The plant has several medicinal uses

and is considered the best-known medicinal plant among

South Africans.27 It is claimed that H. hemerocallidea can

be used as an immune modulation phytotherapy in the

management of immune-related diseases such as the com-

mon cold, flu, rheumatic arthritis, cancer and HIV/AIDS.28

H. hemerocallidea is also used by traditional healers to

treat hypertension, diabetes, psoriasis, ulcers, urinary

infections, tuberculosis, asthma and central nervous sys-

tem disorders.29,30 Researchers reported that H. hemero-

callidea showed antibacterial, antioxidant and anticancer

activities.31,32 Animal studies have shown that the aqueous

extract of H. hemerocallidea has anti-inflammatory activ-

ities. This was demonstrated by the ability of H. hemer-

ocallidea to inhibit the acute inflammation in rats induced

by egg albumin.29 The anti-inflammatory activity of H.

hemerocallidea was attributed to the ability of extracts

from this plant to inhibit the synthesis of inflammatory

mediators.33

Hypoxoside is an important and well-studied phyto-

chemical that is found in the corms of H. hemerocallidea.34

This unique norlignan diglucoside can be found abundantly

in several Hypoxis spp. and was used as an analytical

marker to investigate the authenticity of the Hypoxis spp.

and their products.35 Hypoxoside is a prodrug, which, upon

its hydrolysis by the gastric lysosomal enzyme, β-glucosi-
dase, is converted to the biologically active aglycon form,

rooperol.33 This conversion of hypoxoside to rooperol can

also occur in tumor tissues and inflammatory sites, where

lysosomal enzymes including β-glucosidase can be released

by cancer cells or the activation of macrophages.36 Studies

have shown that rooperol exhibits strong antioxidant, antic-

ancer and antibacterial activities.37–40 Rooperol was also

shown to have potent anti-inflammatory action. It has

been suggested that the increased production of reactive

oxygen species (ROS) and nitric oxide (NO) in response
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to rooperol treatment is responsible for its anti-inflamma-

tory activity.41 Derivatives of rooperol have been shown to

inhibit the production of several pro-inflammatory ILs in

stimulated human macrophages.42

Since extracts of H. hemerocallidea have been shown

to have immune modulatory activities, it is possible that

the nanoparticles produced from this plant may also have

immune modulatory activities. This study reports for the

first time the synthesis of AuNPs from hypoxoside (Hy-

AuNPs) as well as the immune modulatory activities of the

H. hemerocallideaextract, hypoxoside, and their AuNPs

using cell culture models of macrophages and NK cells.

The study also compares the immune modulatory activities

the AuNPs to H. hemerocallidea extract and hypoxoside.

Materials And Methods
Isolation Of Hypoxoside
An ethanolic extract of the H. hemerocallidea was

acquired from Afriplex Pty Ltd. (Paarl, South Africa).

This extract was concentrated and partitioned with ethyl

acetate. The ethyl acetate fraction (5.0 g) was separated by

chromatography on a Sephadex LH-20 column using a

Methanol: H2O mixture 1:1 (v/v) to isolate the fraction

containing hypoxoside. The fraction containing hypoxo-

side was further purified using Prep-HPLC (Waters model,

Milford, MA, USA) equipped with Waters 2535

Quaternary Gradient Module pump, a manual injector

and variable wavelength detector (Waters 2489 UV-Vis

detector). A C18 YMC column (5 µM, 250 × 30 mm)

was used and the separation was monitored at 254 nm. The

elution was performed using Methanol: H2O (1:1, v/v)

solvent mixture at a flow rate of 5 mL/min. The 1H and
13C NMR spectra of the isolated hypoxoside correlated

with the spectra described by Nair and Kanfer.35

Biosynthesis And Characterization Of

AuNPs
The synthesis of Hypoxis-AuNPs (AuNPs synthesized from

H. hemerocallidea extract) was done using a method pre-

viously described.22 A similar protocol was followed for the

synthesis of Hy-AuNPs (AuNPs synthesized using hypoxo-

side) with slight modification. Sodium tetrachloroaurate (III)

dihydrate (Sigma Aldrich, St. Louis, MO, USA) was mixed

with hypoxoside (1.0 mg/mL) in a ratio of 5:1 (v/v). The

mixture was stirred (40 rpm) for 2 hrs, centrifuged and the

AuNPs were obtained in the pellet. The AuNPs were washed

trice with distilled water. A POLARstar Omega microtitre

plate reader (BMG Labtech, Ortenberg, Germany) was used

to monitor the characteristic Localized Surface Plasmon

Resonance (LSPR) peaks of the AuNPs. The morphology

and the elemental composition of theAuNPswere investigated

by High Resolution Transmission Electron Microscope

(HRTEM) using the FEI Tecnai G2 20 field-emission gun

(FEG) equipped with an Electron Diffraction X-ray (EDX)

liquid nitrogen cooled Lithium doped Silicon detector. A sus-

pension of AuNPs’ was deposited onto copper grids, which

was then air-dried. The images obtained were analyzed using

ImageJ 1.50b version 1.8.0_60 (http://imagej.nih.gov/ij).

Dynamic Light Scattering (DLS) analysis was done using a

Malvern Zetasizer Instrument (Malvern Ltd., UK) at 25°C and

a 90° angle. The chemical functional groups of hypoxoside and

Hy-AuNPs were studied using a PerkinElmer spectrum two

Fourier-Transform Infrared (FTIR) spectrophotometer

(Waltham, MA, USA) as described previously.43

Evaluating The Stability Of The AuNPs
The stability of Hypoxis-AuNPs and Hy-AuNPs in RPMI

1640 and α-MEM (Gibco, UK) cell culture media was

tested as described previously.22 The stability of the

AuNPs was evaluated by mixing the AuNPs and the cell

culture medium at 1:1 ratio and incubating the mixture at

37°C for 24 hrs. The mixtures of the AuNPs and the cell

culture medium were subjected to UV-Vis analysis after

the 24 hrs period.

Cell Culture
The human leukemic monocyte cell line (THP1) (kindly pro-

vided by Prof. Samantha Sampson, from the Host-Pathogen

Mycobactomics group at Stellenbosch University) was main-

tained in RPMI 1640 containing 50% Fetal Bovine Serum

(FBS) (Lonza, Walkersville, MD, USA) and 1% penicillin–

streptomycin (Lonza, Walkersville, MD, USA). The human

Natural Killer cell line, NK92, was obtained from American

Type Culture Collection (ATCC) and maintained in α-MEM

supplemented with 12.5% FBS, 12.5% horse serum (Sigma-

Aldrich, Cape Town, South Africa), 200 U/mL recombinant

IL-2 (R&D systems, MN, USA), 0.1 mM 2-mercaptoethanol

and 1% penicillin–streptomycin. The cells were cultured in a

37°C humified incubator at 5% CO2 saturation.

Differentiation Of THP1 Cells
Differentiation of THP1 cells into macrophage-like cells

was done using 25 nM phorbol 12-myristate 13-acetate

(PMA) (Sigma Aldrich, St. Louis, MO, USA) as pre-

viously described.44 The cells were seeded in a 96-well
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plate (Greiner Bio-one GmbH, Frickenhausen, Germany)

at a density of 2 × 105 cells/100 µL/well. The cells were

treated for 2 days with 25 nM PMA to induce cell differ-

entiation. PMA induced macrophage-like phenotypic

changes were confirmed by optical microscopy.

Determining The Toxicity Of Extracts

And AuNP In THP1 And NK92 Cells
The effects of the H. hemerocallidea aqueous extract,

hypoxoside, Hypoxis-AuNPs and Hy-AuNPs on the cell

viability of NK92 and PMA differentiated THP1 cells

were determined using the WST-1 Cell Proliferation

Assay as recommended by the manufacturer (Roche

Diagnostics GmbH, Mannheim, Germany). The cells

were treated for 24 hrs with increasing concentrations of

H. hemerocallidea extract, hypoxoside and the AuNPs.

The concentrations of the H. hemerocallidea extract and

hypoxoside were 30, 60, 120, 240 and 480 µg/mL, while

the concentrations of Hypoxis-AuNPs and Hy-AuNPs

were 1, 2, 4, 8, 16, 32 nM. To compensate for any inter-

ference from the AuNPs on the assay, background controls

were included as previously described.22

Measurement Of Cytokine Responses In

THP1 And NK92 Cells
NK92 and PMA differentiated THP1 cells were seeded at a

density of 2 × 105 cells/100 µL/well in 24-well cell culture

plates. After 24 hrs, the THP1 cells were exposed for 6 hrs to

cell culture medium containing 10 µg/mL Lipopolysaccharide

(LPS). Based on the results of the WST-1 Cell Proliferation

Assay, concentrations of H. hemerocallidea aqueous plant

extract (240 µg/mL), hypoxoside (240 µg/mL), Hypoxis-

AuNPs (16 nM) and Hy-AuNPs (16 nM) that were not toxic

to the cells were identified. The NK92 and LPS activated

THP1 cells were subjected to these treatments for 18 hrs

after removing the LPS containing medium. The negative

controls were cells that were not treated any way, while the

positive controls for THP1 cells were cells that were treated

for 6 hrs with LPS, which was replaced afterwards with cell

culture medium for 18 hrs. After 24 hrs, the supernatants were

collected from all wells. The samples were centrifuged at

10,000 rpm for 15 mins using an Eppendorf 5417 R

Centrifuge equipped with F-45-30-11 rotor (Eppendorf,

Hamburg, Germany) to remove any cells and the AuNPs.

The presence of IL-1β, IL-6 and TNF-α in the supernatants

collected from PMA differentiated THP1 cells was assessed

using MaxDiscovery™ ELISA kits (Bioo Scientific, TX,

USA). The cytokines concentrations weremeasured according

to the manufacturer’s protocol. Supernatants from NK92 cells

were analyzed for the presence of IFN-γ.

Statistical Analysis
Data were expressed as the mean ± standard deviation of the

three replicates. Statistical analysis was conducted using the

GraphPad Prism 6 and two-tailed Student’s t-test. Differences

among three or more groups were analyzed by one- or two-

way analysis of variance. Differences with p < 0.05 were

considered to be statistically significant.

Results And Discussion
Biosynthesis Of AuNP Using Hypoxoside
The synthesis and characterization of Hypoxis-AuNPs using

the water extract of H. hemerocallidea to reduce gold(III)

chloride were previously reported.22 Hypoxoside is a unique

glycoside and a major phytochemical component of H.

hemerocallidea extracts. It was reported that glycosides

can reduce gold(III) chloride to AuNPs,45 and it is, there-

fore, possible that hypoxoside was involved in the synthesis

of Hypoxis-AuNPs. Here, the study investigated whether

hypoxoside can reduce gold(III) chloride and found that

hypoxoside was able to reduce gold(III) chloride resulting

in the formation of Hy-AuNPs. The optimal synthesis con-

ditions (temperature, concentration of hypoxoside and the

time of synthesis) were established using the same methods

described previously for the synthesis of AuNPs from plant

extracts.46 The UV-Vis spectrum for Hy-AuNP showed

absorption maximum (λmax) at around 534 nm (Figure 1),

which is within the range of the visible spectrum (500–600

nm) and the characteristic λmax for spherical AuNPs.
47 The

optimal synthesis time was established by measuring

changes in λmax over time (Figure 1A). A sharp increase

in absorbance (up to about 1.1 absorbance units) was

detected between 0 and 20 mins, however the increase in

absorbance from 20 to 120 mins was moderate since the

absorbance units only increased from 1.1 to 1.25 over this

time period (Figure 1B). Yulizar et al, suggested that an

increase in absorbance reflects an increase in AuNP

number.48 This implies that the number of Hy-AuNPs

increased over the 120-min time period, but that the forma-

tion of new seeds (nucleation) of Hy-AuNPs occurs mainly

within 20 mins from the start of the reaction. While λmax at

60 and 120 mins is around 534 nm, the λmax at earlier time

points 10, 20 and 40 mins appears to be red-shifted.

Moreover, the absorbance peaks produced at 10, 20 and
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40 mins also appeared to be much broader. Yulizar et al,

also suggested that the shape of absorbance peaks is mainly

determined by the morphological characteristics of the

AuNPs.48 It can, therefore, be postulated that the growth

of Hy-AuNPs, which follows the nucleation step, occurs

after 20 mins, reaching the final energetically stable form at

120 mins.

The Z-average size of Hy-NPs was 26 ± 2 nm as

determined by the DLS analysis. The size distribution by

intensity was bimodal. Small nanoparticles with an aver-

age diameter of 1.5 ± 0.5 nm and larger nanoparticles with

an average diameter of 56 ± 33 nm can be observed in

Figure 2. The zeta potential of Hy-NPs was −23. Such

negative zeta potential value has been shown to indicate

colloidal stability of AuNPs due to the repulsive force

between the particles.49 It can thus be concluded that the

Hy-NPs are stable in solution.

The HRTEM images in Figure 3 show the quasi-sphe-

rical shape of Hy-AuNPs (Figure 3A and B). The particle

size distribution of Hy-AuNPs determined from the

HRTEM images (using ImageJ software) showed that

most of the particles are between 24 and 28 nm in dia-

meter (Figure 3C), which is in accordance with the DLS

analysis. Moreover, the Selected Area Electron Diffraction

(SAED) pattern of Hy-AuNPs confirmed their polycrystal-

line nature as indicated by the presence of the bright rings

corresponding to (111), (200), (210), (311) and (222) of

the face-centered cubic structure of gold (Figure 3D), as

previously reported.50 The lattice fringes of the Hy-AuNPs

had a distance of 0.271 nm, which corresponds to the (111)

orientation of gold (Figure 3E).51 Additional confirmation

about the bio-reduction of gold(III) chloride to form

AuNPs was presented by the appearance of elemental Au

peaks in the EDX profile of Hy-AuNPs (Figure 3F).

FTIR analysis was applied to investigate the possible

functional groups in the structure of hypoxoside that is

involved in the synthesis of Hy-AuNPs. Figure 4 shows

the FTIR spectra of both hypoxoside and Hy-AuNPs. The

FTIR spectrum of hypoxoside is similar to the spectrum

reported previously.35 The C–H rocking vibration is shown

by the absorption bands at 801 and 890 cm−1 and the C–H

bending at 2884 cm−1. The absorption bands at 1246 and

3280 cm−1 represent the bending and stretching alcoholic

O–H, respectively. The peaks at 890 and 1070 cm−1 denote

Figure 1 Optimization of reaction time for the synthesis of AuNPs using hypoxoside (i.e. Hy-AuNPs). (A) shows the UV-Vis spectra recorded as a function of time (0−120mins) of

Hy-AuNPs; (B) shows the λmax values of Hy-AuNPs as a function of time.

Figure 2 The hydrodynamic diameter of Hy-AuNPs displayed by intensity as

determined by the DLS analysis.
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the out of plane C–H attached to a carbon through a double

bond (C=C–H). The sharp absorption bands at 1510 and

1586 cm−1 indicate the C=C in aromatic ring. It is expected

that hypoxoside will undergo oxidation to reduce gold(III)

chloride, which should be manifested in the FTIR spectrum

of Hy-AuNPs. It was reported that C–6–OH in the sugar

unit of glycosides is readily oxidized into carboxylic acid

upon reaction with gold(III) chloride.45 Interestingly, the

FTIR spectrum of Hy-AuNPs showed a very broadband

starting from 3000 to 1750 cm−1, which may be a result

of the stretching the O–H group of carboxylic acid, which is

a characteristic band of carboxylic acids that overlap other

peaks of other functional groups.52 Moreover, Hy-AuNPs

showed two bands at 3770 and 3703 cm−1, which may be

the result of the shift of both the alcoholic O–H and the

bending C–H groups (from 3280 and 2884 cm−1, respec-

tively, as shown in the FTIR spectrum of hypoxoside). This

huge shift is caused by strong hydrogen bonding of the

functional groups involved and is sometimes detectable in

systems that are in a complex.53

From the above, it can be hypothesized that the reduc-

tion of gold(III) chloride by hypoxoside was mainly

mediated through the oxidation site at C–6–OH, which is

converted into carboxylic acid. Secondly, the alcoholic

O–H groups of hypoxoside were responsible for the stabi-

lization of Hy-AuNPs by means of chemisorption with the

growing Au seeds.

Furthermore, the results indicate that hypoxoside might

have contributed largely to the synthesis of AuNPs from

the H. hemerocallidea water extract. This is evident from

Figure 3 HRTEM analysis of Hy-AuNPs. (A) and (B) show HRTEM images at a magnification of 0.2 µm and 50 nm, respectively. (C) shows particle size distribution

determined from the HRTEM images using ImageJ software, (D) shows SAED pattern, (E) shows lattice fringes and (F) shows EDX spectra.

Figure 4 FTIR spectra of hypoxoside and Hy-AuNPs.
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the similar physicochemical characteristics reported here

for Hy-AuNPs and those reported previously for Hypoxis-

AuNPs.22 However, because of the longer incubation time

needed for the synthesis of Hy-AuNPs and for the differ-

ence in the average size, hypoxoside may not be the sole

contributor in the synthesis of Hypoxis-AuNPs.

The Immunomodulation Activity Of H.
Hemerocallidea, Hypoxoside And Their

AuNPs
H. hemerocallidea is used in traditional medicine for the

treatment of immune-related diseases and it has been

shown that extracts of H. hemerocallidea have anti-inflam-

matory activity.29 It has been suggested that the immunomo-

dulatory effects of H. hemerocallidea can be ascribed to the

bioactivity of rooperol, which is formed when hypoxoside, a

major constituent of the H. hemerocallidea plant, is

hydrolyzed.33 It is demonstrated here for the first time that

hypoxoside can reduce gold(III) chloride to formHy-AuNPs.

It has also been demonstrated that metal-based nanoparticles

have immune modulatory effects.17 Herein, the immunomo-

dulatory effects the AuNP that has been synthesized from H.

hemerocallidea (i.e. Hypoxis-AuNPs) and Hy-AuNPs are

investigated using macrophage and NK cell cultures. In

vitro immunomodulatory assays require that the treatments

with the AuNPs be done in cell culture medium. Cell culture

media contain proteins, peptides, amino acids, carbohy-

drates, minerals and buffering agents. If any of these media

constituents react with the AuNPs, the biophysical properties

of the AuNPs will be altered. This can also cause the AuNPs

to aggregate. For this reason, the stability of the AuNPs was

investigated in α-MEM and RPMI cell culture media. This

involved placingHypoxis-AuNPs and Hy-AuNPs in α-MEM

and RPMI medium for a period of 24 hrs and to determine if

the UV-Visspectra of the AuNPs change over this period as

described previously.54 Changes in the UV-Vis of AuNPs,

more specifically the red shift or broadening of the adsorption

peaks, can indicate increase or decrease in the size of AuNPs

or their aggregation.55 Figure 5 shows that α-MEM and

RPMI media did not affect the UV-Vis spectra of Hypoxis-

AuNPs and Hy-AuNPs. This implies that Hypoxis-AuNPs

and Hy-AuNPs were stable in these media.

The immunomodulatory effects of the H. hemerocalli-

dea plant extract, hypoxoside, Hypoxis-AuNPs and Hy-

AuNPs were evaluated in differentiated THP1 and NK92

cell lines. Monocytes and NK cells are an integral part of

the innate immune system, in part by producing several ILs

that exert their functions on other cells and thus control

immune responses to infections.56 The toxicity of the H.

hemerocallidea plant extract, hypoxoside, Hypoxis-AuNPs

and Hy-AuNPs to differentiated THP1 and NK92 cells was

determined using the WST-1 viability assay (Figure 6). This

was done to determine if the AuNPs, extract and hypoxo-

side were toxic to these cells. The concentrations of

Hypoxis-AuNPs and Hy-AuNPs ranged from 1 to 32 nM,

while the concentrations of H. hemerocallidea plant extract

and hypoxoside, ranged from 30 to 480 µg/mL. The viabi-

lity of differentiated THP1 cells was unaffected by

Hypoxis-AuNPs and Hy-AuNPs, while the viability of

NK92 cells was only significantly affected by Hypoxis-

AuNPs and Hy-AuNPs at the highest dose, 32 nM. The

viability of NK92 cells was reduced to around 15% when

treated with 32 nM of Hypoxis-AuNPs or Hy-AuNPs.

NK92 cells were unaffected by H. hemerocallidea plant

extract and hypoxoside, while THP1 cells were only sig-

nificantly affected by hypoxoside at the highest dose, 480

µg/mL. Based on these data 16 nM of Hypoxis-AuNPs or

Hy-AuNPs and 240 µg/mL of hypoxoside or H. hemero-

callidea plant extract were selected to investigate their

immunomodulatory effects on PMA differentiated THP1

and NK92 cells. This is the first time that the immune

modulatory effects of the H. hemerocallidea plant extract

and hypoxoside have been studied in this way using in vitro

culture of macrophages and NK cells.

Prior to treatment with the extract, hypoxoside and

AuNPs, THP1 cells were induced to differentiate into

macrophage-like cells using PMA. After exposure to

PMA, the differentiated THP1 cells were treated with

LPS, a bacterial endotoxin that has been used to trigger

pro-inflammatory response in macrophage-like THP1

cells.57 It has been shown that LPS can activate the secre-

tion of pro-inflammatory cytokines, which includes IL-1β,
IL-6, TNF-α and IFN-γ.58 IL-1β is considered a key med-

iator between the innate and the adaptive immune cells as

it activates the antigen-presenting cells, which in turn

leads to the production of aggressive adaptive immune

cells against infections.59 TNF-α is one of the early cyto-

kines released from macrophages after infections and is

considered a “master regulator” of other pro-inflammatory

cytokines.60 IL-6 is another important immune system

regulator, but with both pro- and anti-inflammatory

actions.61 It was shown that the pleiotropic effect of IL-6

depends on the activation of either one of its two signaling

pathways.61 The relationship between IL-6 and bacterial

infections is well established. Indeed, increased IL-6 levels
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are considered a diagnostic marker for early bacterial

infections.62 Differentiated THP1 cells treated with LPS

for 6 hrs, showed a significant increase in IL-1β, IL-6 and

TNF-α levels, when compared to THP1 cells that were

not treated with LPS (negative control) (Figure 7).

Differentiated THP1 cells that were also stimulated with

LPS for 6 hrs and then treated for 18 hrs with Hypoxis-

AuNPs, Hy-AuNPs, hypoxoside or H. hemerocallidea

plant extract showed a significant decrease in IL-1β and

TNF-α levels when compared to differentiated THP1 cells

that were treated with LPS only (LPS control). It was

shown that at these doses of Hypoxis-AuNPs, Hy-

AuNPs, hypoxoside and H. hemerocallidea plant extract

are not toxic to the cells, which suggests that these treat-

ments exert an anti-inflammatory response in THP1

macrophage-like cells.

IL-6 responses in differentiated THP1 cells were also

significantly reduced when the cells were treated with the

H. hemerocallidea plant extract. However, treatments with

Hypoxis-AuNPs, Hy-AuNPs and hypoxoside did not signifi-

cantly affect IL-6 responses in THP1 cells. In fact, treatment

of differentiated THP1 cells with Hy-AuNPs and hypoxoside

resulted in a moderate increase in IL-6 level when compared

to cells that were treated with LPS only for 6 hrs. However,

this increase was not significant. Higher doses of Hy-AuNPs

and hypoxoside or a longer treatment may result in signifi-

cant increase of the IL-6 response.

The Immunomodulation Effect Of H.
Hemerocallidea, Hypoxoside And Their

AuNPs On NK92
The effects of Hypoxis-AuNPs, Hy-AuNPs, hypoxoside and

H. hemerocallidea plant extract on cytokine responses in

NK92 cells, more specifically IFN-γ, were also investigated.

IFN-γ is a major effector cytokine that is mainly produced by

NK cells in response to viral and bacterial infections.63 The

treatment of NK92 cells with Hypoxis-AuNPs, hypoxoside

andH. hemerocallideaplant extract did not alter the production

Figure 5 UV-Vis spectra of Hypoxis-AuNPs and Hy-AuNPs before and after 24 hrs incubation in the presence of α-MEM and RPMI cell growth media.
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Figure 6 The effect of H. hemerocallidea, hypoxoside, Hypoxis-AuNPs and Hy-AuNPs on the viability of NK92 cells and PMA differentiated THP1 cells as determined by

WST-1 assay. *Statistically significant (p ˂ 0.05) compared to the negative control.

Figure 7 Quantification of cytokines release from THP1 and NK92 cells following treatment with H. hemerocallidea extract, Hypoxoside, Hypoxis-AuNPs and Hy-AuNPs.

(A) THP1 cells were stimulated with LPS for 6 hrs. The LPS containing medium was then replaced by the respective treatments and the cells were incubated for another

18 hrs, after which the cytokine production (IL-1β, IL-6 and TNF-α) was quantified by ELISA. (B) NK92 cells were exposed to the respective treatments for 24 hrs, after

which IFN-γ production was quantified by ELISA. ¤ Statistical significance (p ˂ 0.05) compared to the negative control. ‡ Statistical significance (p ˂ 0.05) compared to the

6 hrs treatment with LPS (LPS control).
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of IFN-γ levels when compared to the untreated negative

control cells (Figure 7). However, IFN-γ production was sig-

nificantly reduced in NK92 cells treated with Hy-AuNPs. The

IFN-γ levels in Hy-AuNPs-treated cells were 13 ± 7 pg/mL,

compared to 84 ± 17 pg/mL for the untreated cells. It has been

reported that IFN-γ increases the production of pro-inflamma-

tory cytokines, including IL-1β and TNF-α.64 In this context,

the effects of Hy-AuNPs on NK92 cells can be viewed as an

anti-inflammatory response. Interestingly, the free hypoxoside

or any of the otherAuNPs did not downregulate the production

of IFN-γ compared to the Hy-AuNPs. It can be postulated that

hypoxoside might have undergone chemical modification

upon oxidation with the gold(III) chloride, which might have

converted it to a more active form. It is known from the

literature for example that hypoxoside can be converted to

rooperol upon hydrolysis. The FTIR data in this study also

suggest major modification in the chemistry of hypoxoside

afterAuNPs synthesis. This can only be confirmed by perform-

ing more sophisticated spectroscopic analysis of the hypoxo-

side and the Hy-AuNPs. It is also worth noting that IL-2, used

in culturing the NK92 cells, can cause elevated IFN-γ produc-
tion, and that might be the reason for the moderately elevated

levels of this cytokine in the negative controls in our study.65,66

Inflammation is considered an essential mechanism of the

innate immune system to control pathogens and bacterial

infections.67 The increased production of pro-inflammatory

cytokines during infections triggers a cascade of events that

result in the infiltration of infected tissues by innate immune

cells.13 However, the overproduction of the pro-inflammatory

cytokines in response to infections may also have severe

adverse health effects. Irreversible damage to the inflamed

tissue can occur due to the release of lytic enzymes or through

oxidative stress.13 Elevated IL-1β levels are associated with

several inflammatory disorders including rheumatoid arthritis

and psoriasis.19 Lowering TNF-α production is also a key

therapy for rheumatoid arthritis.68 Inflammatory disorders,

such as rheumatoid arthritis, inflammatory bowel disease,

multiple sclerosis, psoriasis and eczema can benefit from

anti-inflammatory therapies. This study demonstrated the

anti-inflammatory responses of Hypoxis-AuNPs, Hy-AuNPs,

hypoxoside andH. hemerocallidea plant extract in THP1 cells.

It also found that Hy-AuNPs has an anti-inflammatory

response in NK92 cells.

Conclusion
This study demonstrates for the first time the biosynthesis

of AuNPs using hypoxoside, which was isolated from H.

hemerocallidea. The physicochemical properties of Hy-

AuNPs were similar to that of Hypoxis-AuNPs, which

was synthesized from the water extracts of H. hemerocalli-

dea. This may suggest that hypoxoside is involved in the

synthesis of Hypoxis-AuNPs. Water extracts of H. hemer-

ocallidea and hypoxoside reduced the secretion of pro-

inflammatory cytokines in the macrophage cell line THP1.

This finding lends support to the traditional use of the plant

in the treatment of inflammation. Hypoxis-AuNP and Hy-

AuNP also reduced the secretion of pro-inflammatory cyto-

kines in PMA differentiated THP1 cells. Hy-AuNP was the

only treatment that affected cytokine responses in NK92

cells by significantly reducing IFN-γ secretion. These

AuNPs can be explored further as anti-inflammatory treat-

ments. Metallic nanoparticles are commonly used for skin

care and dermatological treatments. Considering that this

study shows that Hypoxis-AuNP and Hy-AuNP have anti-

inflammatory properties, these nanoparticles can potentially

be used in the development of topical treatments for the

autoimmune skin conditions such as psoriasis and eczema.

To fully understand their activities on the immune system, it

is recommended to evaluate the immunomodulatory effects

of H. hemerocallidea, hypoxoside and their AuNPs on

immune cells isolated from blood and in animal models.
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